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The purpose of this study was to define the relationship between herpes simplex virus (HSV) latency and in
vivo ganglionic reactivation. Groups of mice with numbers of latently infected neurons ranging from 1.9 to 24%
were generated by varying the input titer of wild-type HSV type 1 strain 17syn+. Reactivation of the virus in
mice from each group was induced by hyperthermic stress. The number of animals that exhibited virus
reactivation was positively correlated with the number of latently infected neurons in the ganglia over the entire
range examined (r = 0.9852, P < 0.0001 [Pearson correlation]).

Herpes simplex virus (HSV) is a neurotrophic pathogen of
humans that establishes latent infections in the sensory ganglia
innervating the site of primary disease. The latent virus peri-
odically reactivates, producing infectious virus which can result
in recurrent surface lesions (for reviews, see references 23 and
35). The frequency with which infected individuals experience
clinically manifested reactivation of HSV is quite variable, rang-
ing from 0 to 12 or more episodes per year (30; see reference 35
for a review). Why this is the case is not understood, but the
number of latent sites in the ganglia is one factor that may be
important.

The correlation between the amount of HSV latency and the
frequency of reactivation both in vitro and in vivo has been
examined by a number of investigators. In these studies, la-
tency was quantified on the basis of (i) the total amount of viral
DNA in latently infected ganglia (1, 2, 4, 8, 10, 13-16, 34), (ii)
the number of latency-associated transcript (LAT) RNA-pos-
itive or LAT promoter reporter-positive neurons (5, 7, 26), or
(iii) the number of neurons containing the viral genome as
determined by PCR-based approaches (16, 33). Steiner et al.
reported a direct correlation between input PFU and coculti-
vation reactivation of HSV in the trigeminal ganglia (TG) of
mice inoculated with a VP16-negative mutant (32). In all but
one of these reports, mutant virus and/or wild-type strains
differing in their ability to reactivate were compared. Leib et al.
examined the correlation between input titers of HSV strain
KOS, the amount of viral DNA in the latently infected ganglia,
and cocultivation reactivation (15). A reduction of cocultiva-
tion reactivation was observed only with very low input titers.
The level of establishment could not be quantified in these
ganglia because of the insensitivity of the slot blot hybridiza-
tion method employed (15).

These studies have extended our understanding of the link
between acute infection, the establishment of latency, and sub-
sequent reactivation. However, a basic issue remains unre-
solved. Does the number of latently infected neurons influence
the in vivo HSV reactivation potential of ganglia infected with
a given virus strain? If so, what is the nature of the relation-
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ship? Recent estimates made by using PCR-based assays for
the viral genome indicate that as many as 10 to 30% of the
neurons can be latently infected, a number significantly larger
than previously concluded on the basis of in situ detection of
LAT RNA-expressing sites (16, 18, 21, 22, 24). Delineating the
relationship between this number and reactivation would pro-
vide clues to the mechanism of reactivation and aid in estab-
lishing clinical treatment goals. In this study, the ability of HSV
type 1 (HSV-1) strain 17syn+ to reactivate from ganglia con-
taining different numbers of latently infected neurons was de-
termined. A recently developed method, contextual analysis of
DNA (CXA-D), was used to quantify virus latency at the
single-cell level. Using this assay, the percentage of ganglionic
neurons containing viral DNA can be determined (24).

Correlation among input titer, PIN, and in vivo reactivation.
Groups of male Swiss Webster mice (18 to 20 g) obtained from
Harlan Laboratories (Indianapolis, Ind.) were infected on
scarified corneas with input titers of wild-type strain 17syn+
(obtained from J. Subak-Sharpe of the Medical Research
Council Virology Unit in Glasgow, Scotland) ranging from
~5 X 10% to ~5 X 10° PFU. Preliminary experiments demon-
strated that this 3-log span of inoculum titers resulted in sig-
nificant differences in the numbers of latently infected neurons
in the ganglia. Higher input titers resulted in unacceptable
levels of mortality, and lower input titers increased the prob-
ability that the mice would not be infected. At >30 days post-
inoculation, six ganglia from each group were processed and
then analyzed by CXA-D (24). In brief, perfusion-fixed trigem-
inal ganglia were removed and dissociated into single-cell sus-
pensions, and enriched neuron populations were obtained by
using Percoll (Pharmacia) gradients. The percentage of in-
fected neurons (PIN) in the latently infected ganglia was de-
termined by a single-neuron PCR assay as described previously
(24). Consistent with our previous report (24), reducing the
input titer resulted in ganglia containing fewer latently infected
neurons (Table 1). Input titers of ~10° PFU resulted in >20%
of the ganglionic neurons harboring HSV DNA, while only
~2% of the neurons were positive when the input titer was
reduced to 500 PFU.

Groups of mice, each inoculated with a different input titer,
were subjected to hyperthermic stress (HS) to induce HSV
reactivation as described previously (25). At 22 h posttreat-
ment, the time at which peak amounts of infectious virus are
detected in the ganglia (25), the trigeminal ganglia were re-
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TABLE 1. Input titer, PIN, and total number of latently infected
neurons per TG pair

Input No. of latently infected

titer” PIN’ neurons per TG pair®
~4 % 10° 24.0 (40/167) 9,600
~2x10° 20.1 (28/139) 8,000
~2 % 10° 11.5 (45/392) 4,600
~5 X 10? 1.9 (33/1780) 760

“ Total PFU.

® Determined from a pool of six ganglia.
¢ Calculated on the basis of 40,000 neurons per TG pair.

moved, homogenized, centrifuged to remove cellular debris,
and plated on rabbit skin cell (RSC) monolayers. The plates
were monitored for 5 days, but all primary plaques became
evident within 24 to 36 h postplating.

There was a positive correlation between the input titer and
the number of mice in the group that exhibited HSV reactiva-
tion following HS (Fig. 1). Seventy and 60% of the mice in the
two high-input-titer groups demonstrated HSV reactivation.
These groups contained the largest number of HSV-positive
neurons, 24 and 20%, respectively. With an intermediate input
titer, 11.5% of the neurons were latently infected, and 30% of
the mice in this group showed viral reactivation. At the lowest
input titer, only 1.9% of the neurons were latently infected,
and 5% of the mice from this group exhibited HSV reactiva-
tion.

Consistent with previous reactivation experiments, only a
few PFU were recovered from a given reactivation event, and
this did not vary among the groups (data not shown). The
importance of the sensitivity of the reactivation assay for the
interpretation of these results warranted examination of this
issue. The sensitivity of detection of infectious virus in this
assay had been previously approximated by a simple spiking
experiment (25). Repeating this experiment under the labora-
tory conditions used in the present study demonstrated that
when 20 PFU was added to uninfected ganglia and the ganglia
were then homogenized and plated on RSC monolayers, an
average of 6 PFU was detected. This experiment, however, did
not evaluate the efficiency of virus recovery when the ganglia
were latently infected or in the process of HSV reactivation. To
examine this, a human cytomegalovirus immediate-early pro-
moter—lacZ reporter mutant, KZ, kindly provided by J. Mester,
was utilized to spike latently infected ganglia removed pre-HS
or at 22 h post-HS. The construction and characterization of
this mutant have been previously described (20). It was now
possible to distinguish input virus from latent virus reactivating
in the ganglia on the basis of lacZ expression, detected as blue
plaques as described elsewhere (20). A comparison of the
number of blue plaques recovered on RSC monolayers when
virus was (i) plated in the absence of ganglion homogenate, (ii)
homogenized with uninfected ganglia (pre-HS or 22 h post-
HS), and (iii) homogenized with latently infected ganglia (pre-
HS or 22 h post-HS) was performed. The assay for each group
was run in triplicate. The results of this experiment were con-
sistent with those of the previous one in that on average, 16
blue plaques were evident when 50 PFU was added to unin-
fected ganglia. HS did not alter the recovery. When 50 PFU
was added to latently infected ganglia and those ganglia were
then homogenized, 10 plaques were observed on average. The
reason for this approximately twofold reduction in sensitivity
was not examined, but it may represent the presence of im-
mune factors in the latently infected ganglia (29). Interestingly,
there was no difference in the efficiencies of exogenous virus
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recovery from latently infected ganglia pre- and post-HS. This
experiment indicates that the assay for the detection of infec-
tious virus in a reactivating ganglia is quite sensitive, but de-
pending on the amount of virus in the ganglia at 22 h post-HS,
some reactivation events would go undetected. In addition, it
provides further confirmation that the striking difference in the
levels of virus recoverable from the ganglia during acute infec-
tion (10* PFU on day 4 postinoculation with 17syn+) and
during reactivation (1 to 20 PFU) reflects the levels being
produced and not merely immune factor interference with
detection.

ACYV treatment reduces the number of latent infections and
subsequent in vivo reactivation. We had previously shown that
acyclovir (ACV) administered during acute infection resulted
in a reduction of the number of latently infected neurons in the
ganglia of treated mice (24). Therefore, an additional experi-
ment was performed to test whether controlling the number of
latently infected neurons in this manner has a similar impact
on reactivation. This would test the hypothesis that the viral
reactivation frequency is determined by the input titer and not
by events, such as replication, occurring subsequent to inocu-
lation. Male Swiss Webster mice (18 to 20 g) were inoculated
on scarified corneas with 2.6 X 10° PFU of wild-type HSV-1
strain 17syn+. A 50-mg/kg dose of ACV (Glaxo Wellcome)
was administered to each mouse intraperitoneally three times
per day beginning either at the time of inoculation or following
a delay of 36 h and continuing through day 7 postinoculation.
Control mice received saline alone. As predicted, acute virus
replication was markedly reduced in the eyes and TG of ACV-
treated mice, confirming the efficacy of treatment (data not
shown). At >30 days postinoculation, the percentage of neu-
rons latently infected in each group was determined by CXA-D
(24). For each group, neurons harvested from six ganglia were
pooled and analyzed. ACV treatment dramatically reduced the
number of latently infected neurons in the ganglia, a finding
consistent with our previous report (Fig. 2) (24). Even when
ACYV treatment was delayed for 36 h, the number of latently
infected neurons was reduced >10-fold compared to the num-
ber in the ganglia of sham-treated control mice. As described
above, HSV reactivation in mice from each of these groups was
induced by HS (25). The results showed a clear correlation
between the number of latently infected neurons in the ganglia
and the number of mice in which HSV reactivation occurred
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FIG. 1. The percentage of mice undergoing viral reactivation following HS.
Groups of latently infected mice inoculated with the input titers indicated were
subjected to HS. Shown are the numbers of mice exhibiting viral reactivation
over the total number treated. There was no difference between the two groups
receiving input titers of >10° PFU (two-sided P = 0.7, Fisher’s exact test). For
statistical analysis, these two groups were combined and compared to the groups
receiving either 2 or 3 logs less input virus. The differences were significant (P =
0.04 and P < 0.0001, respectively, Fisher’s exact test).



6890 NOTES

—
>
=1

~1
wn

4
=3
I

% INFECTED NEURONS IR
% REACTIVATION []
by

OJ a4 s
Sham ACVy, ACY,
Treatment

Percent Infected Neurons Percent Reactivation

Sham 47/209 (22.5) 16/20 (30)
ACV,, 25/1237 (2.0) 2/18 (11)
ACv, 33/2310 (L.4) 1/19 (5)

FIG. 2. The percentage of neurons latently infected and the percentage of
mice that exhibited HSV reactivation following HS in ACV- and sham-treated
groups. The percentage of latently infected neurons in ganglia of sham-treated
mice and mice which had been treated with ACV from the time of inoculation
(ACV,) or from 36 h postinoculation (ACV3e) through day 7 postinoculation
was determined by CXA-D. Viral reactivation was induced in mice from each of
these groups. The differences between the number of latently infected neurons
and the number of mice exhibiting reactivation in the sham- and ACV-treated
groups were both significant (two-tailed P < 0.0001 for both ACV treatment
groups, Fisher’s exact test).

following HS (Fig. 2). In addition, the possibility that the re-
activation frequency was determined directly by the input titer
was eliminated.

Variability in PIN among animals. In the preceding exper-
iments, the number of latently infected neurons in each of the
groups of mice was determined by analyzing a pool of six
ganglia from mice representing that group. Thus, there was a
possibility that the reactivation data at the lower input titers
reflected the reactivation of virus in one animal in the group
which had a very high percentage of latently infected neurons.
It was therefore important to gain insight into the degree of
variability among the individual mice in each input-titer group.
To do this, groups of mice were inoculated, via corneal scari-
fication, with either 500, 5,000, or 500,000 PFU of HSV. At
>30 days postinoculation, mice were perfusion fixed and gan-
glia from individual mice were analyzed by CXA-D to deter-
mine the number of latently infected neurons. Eight individual
mice in the 500-PFU group, six in the 5,000-PFU group, and
five in the 500,000-PFU group were analyzed. All of the inoc-
ulated mice examined were found to contain latently infected
neurons. The PIN was most variable in the 500-PFU input-titer
group, ranging from 0.16 to 4.6% (mean, 1.5%), while those of
the 5,000- and 500,000-PFU groups ranged from 5 to 18%
(mean, 10%) and 24 to 29% (mean, 27%), respectively. The
average PIN in the input-titer groups in this experiment were
very similar to those obtained in the first experiment, 1.9, 11.5,
and 24%, respectively. As presented below, seven mice in the
500-PFU group were also analyzed by whole-ganglion quanti-
tative PCR (QPCR), and none of the TG contained high levels
of HSV DNA. Thus, in a total of 15 individual mice and a pool
of 3 mice of the lowest-input-titer group, no outliers were
detected. It therefore seems unlikely that HSV reactivation in
the 500-PFU group was due to the presence of a single animal
with a very large number of latently infected neurons.

Total-ganglion QPCR. To compare the efficiency of detec-
tion of low levels of latency by total-ganglion QPCR with that
of single-neuron PCR, DNA was prepared from TG of seven
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FIG. 3. Plot of the number of latently infected neurons per TG pair versus
the percentage of mice exhibiting reactivation. Data from both the input-titer
experiment and the ACV experiment were included. The number of latently
infected neurons per TG pair was determined from the PIN for each input titer
group. There is a significant correlation between these two variables (r = 0.9852,
P < 0.0001 [Pearson correlation test]).

mice belonging to the 500-PFU inoculation group (described
above) and was analyzed by the method of Katz et al. (11).
HSV DNA was detected in only three of the seven ganglion
pairs; one contained an estimated 26,500 viral genomes, and
the other two had levels too low to accurately quantify. The
standards in this assay demonstrated that in the background of
100 ng of mouse DNA, 50 HSV genomes were detectable but
5 HSV genomes were not. This meant that ganglion pairs
containing significantly fewer than 50 HSV genomes per 100 ng
of mouse ganglion DNA could appear to be negative. Thus, in
line with the sensitivity of the QPCR assay, HSV was detected
in those ganglia containing the largest number of latently in-
fected neurons but not in those containing the fewest. Two
previous studies have demonstrated that estimates of total
HSV DNA obtained by whole-ganglion QPCR are consistent
with those obtained by CXA-D single-neuron PCR (24, 28).

The total number of latently infected neurons per TG pair
was calculated for each group by multiplying the percentage of
neurons latently infected by 40,000 (total neurons per TG pair)
(3, 24) (Table 1). This number was then used to determine the
covariation or correlation between a detectable reactivation
event and the numbers of latently infected neurons present in
the groups of mice infected with different HSV titers. In the
group of mice receiving the smallest amount of virus, a detect-
able reactivation event (i.e., a positive animal) was detected
once in every 15,200 latently infected neurons. In those ani-
mals that received the most virus, this number was once in
every 13,700 latently infected neurons. It should be empha-
sized that this represents the minimum number of reactivation
events which occurred in vivo. An additional assumption is that
all latently infected neurons have an equal probability of HSV
reactivation. The relationship between the number of latently
infected neurons in the ganglia and in vivo reactivation fre-
quency is shown graphically in Fig. 3. For this analysis, data
from both the input-titer and the ACV experiments were in-
cluded. Although there is a strong correlation between the
frequency of HSV reactivation and the number of latently
infected neurons (r = 0.9852, P < 0.0001), this does not indi-
cate that there is a causal link between these two parameters.
Unfortunately, there is currently no method for quantification
of the number of latently infected neurons and assessment of
viral reactivation in the same ganglia. These data do suggest,
however, that large numbers of latently infected neurons in the
ganglia do not necessarily lead to detectable HSV reactivation
in all animals and, further, that some animals with relatively
few latently infected neurons undergo viral reactivation.
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Human HSV infection has not been explored at this level of
detail. However, it is reasonable to assume that, as in the
mouse, the number of latently infected neurons resulting from
primary infection in the human could be a significant determi-
nant of the frequency of HSV reactivation. In humans, the
frequency of reactivation events resulting in recurrent disease
is related to the severity of primary infection (for a review, see
reference 35). This is consistent with the impact of the input
titer on the number of latently infected neurons reported here
as well as the reduction in the number of latent sites in ganglia
of mice treated with ACV during acute infection. Thus, while
the complete prevention of latent infections may not be pos-
sible, a practical and achievable clinical goal would be minimi-
zation of the number of neurons in which establishment of
latency occurs. Empirical evidence that transmission of an al-
phaherpesvirus can be reduced in a population through the
control of viral replication and shedding is provided by the
success of immunization strategies against pseudorabies virus
in pig herds (19, 31).

There are several lines of evidence which suggest that the
HSV in the vast majority of latently infected neurons does not
reactivate during any given reactivation event. The most com-
pelling of these is the fact that HSV can reactivate many times
over the lifetime of the human host. If one accepts the theory
that viral DNA replication is not compatible with cell survival
(23) and the evidence that the neuron in which the virus reac-
tivates does not survive (25, 29), then the conclusion that the
virus reactivates in very few neurons per episode is reasonable.
Animal model studies support this in that (i) the latent-DNA
reservoir appears to be stable over long periods of time (9) and
(ii) examination of ganglia in which HSV is reactivating has
revealed that very few neurons express lytic viral proteins or
ICPO RNA (5, 6, 17, 25, 29). We have found that neurons
expressing viral lytic proteins post-HS are rare even in ganglia
in which >20% of the neurons contain the latent viral genome
(27). If many neurons produced very low (undetectable) levels
of viral proteins and a few infectious virions post-HS, one
would predict an increased recovery of virus from mice in
which many (>20%) of the neurons were latently infected.
However, the amount of virus recovered per reactivation did
not increase with increasing numbers of latently infected neu-
rons in the ganglia.

PCR-amplifiable segments of RNA related to lytic genes
have been detected in latently infected ganglia in which infec-
tious virus cannot be detected, suggesting that there are more
neurons in which the latent viral transcriptional program is
exited than there are neurons that proceed to detectable in-
fectious virus production (12). Nonetheless, the findings pre-
sented here indicate that neuronal and/or viral mechanisms
serve to maintain the viral latent state in the vast majority of
infected neurons. The viral genome copy number in individual
latently infected neurons has been hypothesized to play a crit-
ical role in reactivation (23). We have found that while the
majority of neurons latently infected with HSV-1 strain 17syn+
contain between 10 and 100 viral genomes (24), extremely rare
neurons contain copy numbers in the range of 5,000 to 10,000
(27). It may be that only these very-high-copy-number neurons
are reactivation competent in response to HS induction in vivo.
The relationship between these rare neurons and reactivation
is currently under investigation.
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